In response to various types of human disturbance, most Italian rivers have experienced considerable channel adjustment during the last centuries and in particular in the last decades. This paper reviews all existing published studies and available data, and aims to reconstruct a general outline of the main channel adjustments that have occurred in Italian rivers during the past 100 years.
Introduction
During the past tens or hundreds of years, in many fluvial systems, river dynamics have been significantly affected by human disturbances such as land use changes, urbanization, channelization, dams, diversions, gravel and sand mining. Since these disturbances cause substantial changes to the flow and sediment regimes, at present few rivers are in a natural or semi-natural condition. For instance, in the Alps less than 10% of the total length of the rivers is in a semi-natural condition (Ward et al., 1999) . Several studies have analysed the response of rivers to human impact, showing that remarkable channel changes generally take place, such as vertical adjustment, changes in channel width and pattern (e.g. Leopold, 1973; Gregory and Park, 1974; Williams, 1978; Petts, 1979; Williams and Wolman, 1984; Andrews, 1986; Knighton, 1991; Collier et al., 1996; Petit et al., 1996; Kondolf, 1997) . These changes are generally much larger than those that could be expected from natural channel evolution, although in some cases also natural phenomena, such as large floods, fires and volcanic eruptions, or short-term climatic fluctuations (e.g. Rumsby and Macklin, 1994; Macklin et al., 1998) may have an important role in controlling channel instability and changes.
Since channel incision and narrowing can produce a range of environmental and social effects, such as undermining of structures, loss of groundwater storage, loss of habitat diversity (Bravard et al., 1999) , a better understanding of channel adjustments is essential for preventing their consequences, and predicting future channel evolution. River management and water resource strategies should take into account the styles and magnitude of channel changes, to avoid or mitigate their adverse effects to present and future human activities.
Italian rivers have been subjected to human disturbance and modification for a long time, some of them (for instance the Po, the Arno and the Tevere Rivers), since Roman times. Up to the 19th century, the most common human modifications were channelization and diversion, to provide flood protection and to increase the productivity of agricultural land, respectively. In addition, during the 20th century and particularly during the last decades, two other types of intervention have been widely carried out, namely the construction of dams, and sediment mining. Within this context, an exception is represented by the Tagliamento River (Eastern Alps) that can be considered the last large river in the Alps essentially retaining pristine morphological and ecological characters (Ward et al., 1999; Gurnell et al., 2001) .
In response to these various types of human disturbance, most of the Italian rivers have experienced drastic channel adjustments during the last centuries. Although studies have focused on responses of Italian rivers to human impact, a general review of the available data and a reconstruction of types and amount of channel adjustments is still lacking.
In this paper, published studies and existing data on recent channel adjustments of rivers in Italy are reviewed and discussed. Our aims are to: (a) reconstruct a general outline of river channel adjustments and their causes in the recent past (generally the last 100 years); (b) define the general temporal trends of channel changes and the different styles of adjustment; (c) compare the morphological changes with those observed in fluvial systems outside Italy.
General setting
The Italian territory has an area of 301 280 km 2 , and covers more than 10j of latitude (from 37j lat. N to 47j lat. N). A large part of the country is made of mountains (51%) and hills (29%), while only 20% is occupied by plains. The Alps and the Apennines represent the main physiographic features, while the Po Plain in northern Italy is the only large plain in the country, with minor plains in central and southern Italy. The geology varies widely: there are different kinds of sedimentary, igneous and metamorphic rocks, while Quaternary deposits (mainly fluvial, glacial and slope deposits) cover large areas. Most of the territory is tectonically active.
Climate and precipitation reflect the morphological heterogeneity of the country. Climate is mainly ''temperate'', but it varies from ''cool temperate'' to ''subtropical temperate'' (according to Köppen classification) and in the Alps it is also ''cold'' (type E). Precipitation ranges from more than 3000 mm/year (3310 mm at Musi in the Isonzo basin) to less than 500 mm/year (426 mm/year at Manfredonia in the Salso basin), the average being 990 mm/year (Rusconi, 1994) .
The hydrologic and physiographic characteristics of the main Italian rivers (most of which are considered in this paper) are summarised in Table 1 (see Fig.  1 for location) . Commonly, the areas of drainage basin range between 1000 and 10 000 km 2 and only three drainage basins (Po, Adige and Tevere) have an area larger than 10 000 km 2 . All these rivers exceed 100 km in length (the longest is the Po River at 651 km). Basin relief is relatively high, and generally higher in Alpine rivers (in some basins, it is more than 4000 m) than in Apennine rivers (in the latter, it is commonly 1500 -2500 m). As mentioned above, precipitation varies widely within the country: the river basins in the north present the highest values (2150 mm/year, Tagliamento basin), whereas those in the south and in the two main islands (Sicily and Sardinia) have the lowest values (547 mm/year, Salso basin). Also the runoff ratio varies significantly, from 68% in the northern part of the country to 45% in the central and southern parts of the country, and 30% on the two main islands. The highest and lowest runoff ratio values are 103% (Brenta River) and 13% (Bradano River), respectively. Floods are relatively flashy due to basin characteristics (e.g. relief), but also to the fact that they result mainly from rainfall runoff rather than snowmelt.
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Channel changes and human impact in Italian rivers
A systematic review of the studies regarding morphological changes in Italian rivers has been carried out ( Table 2) . Some of these studies deal with channel dynamics during the last few centuries. However, the data discussed here are restricted to the last century, and more specifically to the last few decades. Besides the type and magnitude of morphological changes, this review is focused on: (a) causes of change, and (b) effects of changes on human structures and environment. The information is not homogeneous nor complete for all the rivers.
Morphological changes
The most common morphological changes in Italian rivers turn out to be bed-level lowering, channel narrowing and changes in channel pattern. Channel aggradation and widening are mentioned in few studies and considered as secondary processes compared to those cited above. Bed incision of 3 -4 m is very common, and in some cases (e.g. some rivers of the Emilia Romagna, Marche, Abruzzo and Calabria Regions) incision of 10 m, or even more, was observed. For example, the Arno River (Tuscany) has been subjected to widespread channel incision, with a maximum total bed-level lowering higher than 6 m in the Lower Valdarno reach on average (Fig. 2) . Narrowing of the active channel has been observed in many streams (Fig. 3 ), but only in few studies the magnitude of this process has been evaluated. In several rivers of the Piedmont and Tuscany Regions and in the Piave River, channel width reduction has been up to 50% or more. Finally, changes in planform configuration have been pointed out in some cases, in particular from braided to wandering (e.g. several rivers in the Piedmont Region, the Piave River and the Trigno River; see also Fig. 3 ). The latter term, increasingly used in literature, indicates rivers with braided-anastomosed or braided-meandering transitional characters (Neill, 1973; Church, 1983; Ferguson and Werritty, 1983; Knighton and Nanson, 1993) .
As regards location and time of morphological changes, information is not homogeneous and complete for all the rivers. Morphological changes were commonly observed in piedmont and alluvial plain reaches and seem to take place simultaneously along the rivers without migration of processes. This could be due to the fact that human intervention is often widespread along the rivers and in the drainage basins. With respect to time of morphological changes, most of the studies document that the main phase of channel adjustment started in the 1950s to 1960s (Table 2) , although a complete analysis of temporal trends of channel adjustment is possible in only few cases (see Discussion).
River engineering and management
Several human interventions (dams, gravel and sand mining, channelization, land-use changes) have been indicated as the causes of those changes in river morphology since they alter flow regime, channel boundary characteristics, and especially sediment supply (Table 2) . Sediment mining has occurred in many rivers and, in several cases (e.g. rivers in the Emilia Romagna Region or the Brenta River), this has represented the main or the only cause of river system alteration. Generally this practice was very intense in Tacconi and Billi (1990) , Govi and Turitto (1993) , Lamberti (1993) , Dutto and Maraga (1994) , Lamberti and Schippa (1994) , Maraga (1999) the period between the 1950s and the 1970s, but it is still going on nowadays, although with a lower intensity. For instance in the Po basin, instream mining increased from about 3 million m 3 /year to about 12 million m 3 /year during the period 1960-1980, and then it decreased back to about 4 million m 3 /year, with the highest value (12 million m 3 /year) approximately equal to the estimated average annual production of sediment in the basin (Lamberti, 1993) .
In Italy there are 729 large dams (dams higher than 10 m or with a reservoir capacity>10 5 m 3 ) and 8000 -9000 smaller dams (Rusconi, 1994) . These dams affect both the river flow and the sediment regime. With respect to the river flow, dams generally cause a decrease of the lowest discharges but not necessarily of the channel-forming discharges (e.g. Surian, in press). On the other hand, dams significantly affect the supply and transport of sediments in river chan- nels: in the case of the Piave River, for instance, dams trap the sediment yield from more than 50% of the drainage basin (Surian, 1999) .
Therefore sediment mining and dams, plus in some cases land-use changes (e.g. reforestation), have produced a remarkable decrease in sediment supply to river channels. This decrease was recorded in several rivers during the second half of the 20th century, for instance in the Po River (a decrease of 38%), in the Adige River (23%) and in the Brenta River (68%) (Bondesan, 2001) .
A direct effect on river morphology (particularly on channel width, but also on channel pattern and bed-level stability) has resulted from streambank protection structures. In some reaches, structures such as groynes and levees constrain the river to maintain a narrower channel, reducing bank erosion and giving opportunity for agricultural uses while in other cases, the river has been completely fixed and channelized by continuous structures.
Effects on structures and environment
Morphological changes of river channels may have several effects on hydraulic structures, infrastructures, and environment (Table 2) . Bed-level lowering has caused undermining and damage to protection structures and bridges. Where incision has been particularly severe, failure of these structures has occurred (e.g. two bridges along the Brenta River; Castiglioni and Pellegrini, 1981b) . Among all the effects on the environment, two were more commonly recognised: loss of groundwater resources and reduction of sediment supply to beaches. The effects on the ecosystems along the riparian corridors are not mentioned in the studies reviewed: this is due to the ''physical'' approach of those studies and not to the absence of such kind of effects, which undoubtedly exist.
Discussion

Magnitude of channel adjustments
In Italian rivers, recent channel adjustments have been considerable, since processes of such magnitude (bed-level lowering of 10 m, channel narrowing to 50% or more, and changes in channel pattern) generally require much longer time (10 2 -10 3 years) under natural conditions. The types and magnitude of the channel adjustments observed raise the question whether they represent a peculiarity of Italian rivers or whether similar situations occur along rivers throughout the world. Studies that analyse incision and narrowing in different countries and physiographic environments were reviewed to answer this question (Table 3 ). In the case of channel incision, in Europe, USA and China, several rivers have been subjected to bed-level lowering of some metres in the time of few years or decades. The maximum values of incision documented are: 10 m in France, 9 m in England, and 7.5 m in the USA (Table 3) . Also channel narrowing was observed in many cases: in the North Platte and Platte Rivers (Nebraska, USA), this process caused a decrease in channel width up to 80 -90%. Finally, dramatic changes in channel pattern, generally from braided to single thread, have been documented in UK, France and China. All these data show that generally channel adjustments in Italian rivers are similar in magnitude to those which have occurred in other countries. Notwithstanding this, it must be pointed out that channel incision in Italy has been particularly intense, considering that in several rivers, incision is 10 m or even more (up to 13 m), whereas incision has reached such values less frequently in other countries.
Temporal trends of channel adjustments
In addition to analysing the magnitude of channel adjustments, it is also worthwhile considering their temporal trends. Even though such an analysis is possible for just a few rivers, it reveals exactly when channel adjustments (i.e. incision, narrowing) started, identifies whether they are still going on, and indicates future evolution that can be expected in these rivers.
Numerous examples in the literature report how bed-level changes at a site are best described mathematically by non-linear functions, where adjustments occur rapidly, immediately after the disturbance, and then slow and become asymptotic (Graf, 1977; Williams and Wolman, 1984; Simon and Hupp, 1986) . Few examples of bed-level adjustments at a site are available for Italian rivers. However, the two cases reported in Fig. 4 are particularly significant, and show similar trends for two of the main Italian rivers (Po and Arno). Data sources are different for the two cases: for the Arno River, the bed elevation obtained from available longitudinal profiles and cross sections is plotted, while for the Po River, the minimum annual river stage at a gauging station is used as indicator of bed adjustments (Lamberti and Schippa, 1994) .
In the case of the Arno River, the trend reported here is representative of the general adjustments observed in many other cross sections along the two main alluvial reaches (Lower and Upper Valdarno) of the river (Rinaldi and Simon, 1998) . Two main phases of incision have been identified, with the first starting around the beginning of the past century and related to changes in land-use and land-management practices. The second phase, triggered in the period 1945 -1960, was characterised by more intense incision and was related to the effects of instream gravel mining and the construction of two dams. No data are available for the more recent channel changes (after 1978 in the example of Fig. 4 , and after 1990 for other reaches), but the incision is likely to be exhausted (in some cases, an inversion of tendency is possible). For the Po River, the temporal trend of bed-level adjustments in Fig. 4B is perfectly similar to that just described, with two distinct well-recognisable phases of incision, the first starting slightly before (around 1885) if compared to the Arno River. However, from the analysis at other sites (Lamberti and Schippa, 1994) , the first phase of incision is not always clearly evident, while the second major incision is common to all the cross sections and always starts in the period 1950 -1960. Sediment mining has been identified as the main cause of this second phase of incision. Numerical simulations of bed adjustments performed by Lamberti and Schippa (1994) have predicted that bed-level lowering at Cremona will continue during the period 1993 -2023 even though sediment mining is no longer allowed, with an estimated total amount of about 1.6 m.
With respect to channel narrowing, a temporal trend may be analysed for the Piave River (Fig. 5) . The trend, which refers to the average channel width of a reach 115 km long, shows a dramatic narrowing during the 20th century with intensification of the process since the 1960s. The first phase of narrowing, from the beginning of the 20th century up to the 1960s, corresponds with some human intervention in the river system (construction of dams, diversions, and bank protection structures), whereas the second phase is related to a major increase of those interventions coupled, since the 1950s, with gravel mining. The most recent changes in channel width, during the 1990s, point out that narrowing could now have ceased and there could be an inversion of tendency (Surian, in press ).
The previous results point out that channel incision and narrowing followed very similar temporal trends, although cases showing both trends of channel adjustment are not available for the same river.
The examples described above show that there is a strong relationship between causes (human intervention) and effects (channel adjustments) and, in all these fluvial systems, reaction times are short. As for all those cases where temporal trends are not available, it is also possible to infer a strong relationship between human interventions and channel adjustments. Most studies report that the main phase of channel adjustment started in the 1950s or at the beginning of the 1960s and was due mainly to instream sediment mining and dam construction which were carried out mainly since the 1950s (Table 2 ).
Styles of channel adjustments
Since different kinds of adjustment have been recognised in Italian rivers, it is now worth analysing the style of river response (if incision and narrowing both occurred or if one process was largely dominant) for different types of channel. For this purpose, a schematic, qualitative model has been derived (Fig.  6 ), based on those cases studies with more information on channel adjustment (Table 4) . A regional classification scheme, specific for the context of Tuscany, has been recently proposed by Rinaldi (in press) , and the scheme proposed here represents an Xu Jiongxin (1997) extension of that classification, including a wider range of cases observed in the entire Italian context. The scheme, representing initial and final (present) morphologies and not including intermediate stages of channel adjustment, groups the observed channel changes into a series of main categories of adjustment. Therefore, it should be seen as a classification scheme based on types of morphological change, such as that proposed by Downs (1995) , rather than a conceptual channel evolution model. Three initial channel morphologies have been considered, single thread (A), including both straight and sinuous-meandering channels, braided (C), and transitional morphologies (B), the latter ranging from sinuous channels with alternate bars, locally braided, to wandering (Fig. 6) .
Braided rivers (case C) have adjusted predominantly through channel narrowing, with a slight or moderate incision (cases G and F), or through narrowing combined with a more significant incision (case H; e.g. several tributaries of the Po River in Piedmont, rivers in Emilia Romagna, and the Brenta River) ( Table  4) . In some cases, the braided morphology has been retained, but with a decrease in braiding intensity (case G; Surian, 1999) , whereas in others, a dramatic change in channel morphology has taken place, from braided to wandering (cases F and H; e.g. Dutto and Maraga, 1994; Surian, 1999; Aucelli and Rosskopf, 2000) .
Few examples of channel adjustments from initial transitional morphologies (case B) are available (Table 4) . Some cases observed in Tuscany indicate that these channel types have adjusted through a slight or moderate incision combined with channel narrowing (case E), in some cases with a passage to a singlethread configuration (case D).
In single-thread channels (case A), the dominant adjustment has been incision, which can be moderate (i.e. up to 3 m, case D), but also very severe and greater than in braided rivers (case I; e.g. some reaches of the Po River and the Arno River in the Lower Valdarno) (Table 4) . Generally, some degree of channel narrowing is associated with incision, varying from a small width reduction to a more significant one, accompanied by a drastic reduction or, in extreme case, a complete disappearance of active bars. Lamberti and Schippa, 1994) . (B) Arno River in the Lower Valdarno reach: changes in bed bottom elevation obtained from longitudinal profiles and cross sections of different years (modified from Rinaldi and Simon, 1998) . Horizontal hatched line: trend of stable (dynamic equilibrium) conditions before incision; continuous curves: fitting exponential decay functions. In any case, in single-thread channels, narrowing is never so intense as in braided channels.
It is worth noting that the final morphologies of this scheme (Fig. 6) do not necessarily represent the last stage of channel evolution. In fact, recent evidence in some rivers (Piave, Brenta and Taro Rivers) seems to suggest that other kinds of adjustment, such as widening and aggradation, could follow the main phase of adjustment characterised by incision and narrowing.
The scheme of dominant channel adjustment described above can be seen as an application of existing qualitative models of channel adjustments induced by changing discharge and sediment load (e.g. Schumm, 1977; Petts, 1979) to Italian rivers, considering not only the direction of channel changes induced by a disturbance but also, though still in qualitative terms, the rate of change and channel pattern adjustment. It is consistent with the model proposed by Schumm (1977) , since in the case of a decrease in sediment supply, that model predicts a decrease of channel width, an increase of channel depth, a decrease of gradient, an increase of sinuosity and a decrease of meander wavelength. Future research on Italian rivers should test this scheme but also, to obtain a conceptual model that could include different stages of channel evolution, significantly increase the amount of data which are essential to define intermediate stages and other kinds of possible adjustment (e.g. widening and aggradation).
Channel evolution models (CEMs) proposed for incised rivers in loess-derived alluvium in southeastern USA (Schumm et al., 1984; Simon and Hupp, 1986) seem to have some limitations when applied to Italian rivers. In fact, CEMs do not consider possible narrowing, which is an important component of channel evolution of many Italian rivers, and predict channel widening and aggradation following a phase of incision, for which, so far, there is little evidence in Italian rivers. The main reasons for the limited applicability of existing CEMs to the Italian context appear to be: (a) different channel morphologies and bed materials (CEMs have been proposed for singlethread rivers predominantly composed of fine material, while the scheme proposed in this study is Fig. 6 . Classification scheme of channel adjustments for Italian rivers. Starting from three initial morphologies (A, B and C), different channel adjustments take place due to variable degrees of incision and narrowing. referred to predominantly gravel-bed rivers with initial channel morphologies also including braided rivers); (b) differences in the type of human disturbance (CEMs are referred to rivers disturbed mainly by channelization resulting in changes in channel gradient, while Italian rivers are disturbed mainly by dams and sediment mining, causing a drastic reduction of in channel sediment supply).
Summary and conclusions
(1) In the last century, and particularly since the 1950s to 1960s, most of the Italian rivers have experienced considerable morphological change. Two types of channel adjustment have been recognised: incision, which is commonly of the order of 3-4 m, but in some cases even more than 10 m; narrowing of the active channel, in some cases up to 50% (or even more). In some rivers, these channel adjustments, which frequently occur together, have led to changes in channel pattern from braided to wandering.
(2) The causes of these channel adjustments are represented by various types of human intervention, such as land-use changes, channelization, construction of dams, and sediment mining all of which, have been particularly severe since the 1950s. The main effect of these interventions on fluvial processes has been a dramatic reduction in sediment supply.
(3) A strong temporal relationship between human disturbance and channel adjustment exists; all these river systems exhibit short reaction time. The few rivers for which temporal trends of channel adjustment are available suggest that the adjustments (incision and/or narrowing) are more intense at the beginning (just after the disturbance), and then slow and become asymptotic.
(4) Referring to the three main types of channel morphologies (braided, transitional and single thread), a general classification scheme of channel evolution of Italian rivers has been developed. The scheme highlights both the reciprocal role of incision and narrowing and the changes in channel pattern, and their relationship with the initial channel morphology. Braided rivers adjusted predominantly through narrowing, while incision occurred but, generally, was never very severe. On the other hand, single-thread rivers adjusted mainly through bed-level lowering accompanied to a greater or less degree by narrowing. Transitional morphologies (wandering and sinuous channels with alternate bars) adjusted through a moderate incision combined with channel narrowing. Future research should be addressed to test this general scheme and to significantly increase the amount of data on morphological changes in Italian rivers. A wider database is essential for identification of other possible kinds of adjustments (e.g. widening and aggradation) and for developing the scheme proposed here in a conceptual model that could include different stages of channel evolution. 
